The attachment and eclipse of adenovirus have been studied with the aid of highly purified "4C-threonine and 32P-labeled adenovirus type 2 in KB cells in suspension cultures. Adenovirus particles and infectivity appear to attach at the same rate.
It has been assumed that the viral genome will not be able to replicate and direct protein synthesis within susceptible cells unless it is uncoated from the protein envelope, but since vaccinia messenger ribonucleic acid (mRNA) is apparently synthesized in the absence of protein synthesis (19, 24) and since this virus requires protein synthesis for complete uncoating (15, 16) , this assumption may be erroneous. Before generalizations are made, however, additional viruses should be investigated with regard to these properties.
Although the mechanism for uncoating of the genome has been partially resolved for tailed bacteriophages (8, 12) , the same events in animal virus infection have only recently been studied with biochemical techniques (15, 16) .
It is generally believed that animal viruses are decoatedwithin, or in close vicinity to, phagocytotic vesicles subsequent to uptake of the intact virions by pinocytosis (for reviews, see 4 and 17) . From electron microscopic studies, it has been concluded that uncoating of adenoviruses occurs at or in close vicinity to the nuclear membrane after primary pinocytosis of the virions (3) .
Methods for obtaining highly purified radioactively labeled adenovirus have recently been developed (9) . Since such virus preparations constitute a prerequisite for biochemical studies of attachment and penetration mechanisms, adenovirus was selected as a model virus. An additional advantage with adenovirus is that the structural proteins can be recovered in a soluble and essentially pure form (21) , which may form the basis for evaluating the biological role of animal virus proteins, if any. The present study deals with attachment and eclipse of adenovirus and the role of cellular metabolism in these events.
MATERIALS AND METHODS
Cells. KB cells originally obtained from Microbiological Associates, Inc., Bethesda, Md., were grown in spinner cultures in Eagle's spinner medium (5) with 5% horse serum, 2%0 calf serum, and antibiotics.
HeLa cells from the same source were grown in the same medium. KB cells for plaque assay were grown in plastic petri dishes with Eagle's minimal essential medium (5) with 15% calf serum and 4% tryptose phosphate broth.
Virus. Adenovirus type 2, the prototype strain originally obtained from Dr. Huebner, National Institutes of Health, Bethesda, Md., was used throughout.
Preparation ofradioactively labeled virus. The procedure outlined by Green and Piiia (9) was followed with slight modifications. KB cells in spinner cultures were infected at a cell density of 3 )K 105 to 5 X 105 cells/ml with a multiplicity of 10 plaque-forming units (PFU)/cell. Two-liter batches were processed each time. 32P-labeled virus was produced in cells suspended in minimal essential medium (MEM) with citrate instead of phosphate and 10% calf serum dialyzed against the citrate medium. Radioactive carrier-free orthophosphate was added to a concentration of 2.5 mc per liter of medium. The cells were harvested after the same as the original report. The final purification was achieved by layering the virus band from the RbCl gradient on top of preformed CsCl gradients (1.2 to 1.5 g/ml) and centrifuging for 4 hr at 100,000 X g. The virus band was collected and first dialyzed against 0.05 M tris(hydroxymethyl)aminomethane (Tris) chloride (pH 7.4) with 5 X 10-4 M ethylenediaminatetraacetate (EDTA) and stored at 4 C. It was repeatedly observed that purified adenovirus type 2 was comparatively labile and disintegrated if stored at -60 or -20 C, and also after prolonged periods at 4 C. However, when 0.25 M sucrose-10-3 M MgCl2 in 0.02 M Tris chloride (pH 7.4) was used as storage solution, the disintegration was minimal for periods of )4 days at 4 C. Table 1 shows the characteristics of the purified 32P-labeled virus and also a comparison between Tris-EDTA and sucrose buffers as storage solutions for purified virus. The sucrose buffer was therefore used in this study.
Virus labeled with 14C-threonine was produced in the same manner except that the cell medium contained Eagle's MEM with only 0.03 mm unlabeled threonine. The addition of cold threonine was necessary to achieve maximal yield of virus in infected cells. Uniformally labeled '4C-threonine with a specific activity of 84 mc/mmole (New England Nuclear Corp., Boston, Mass.) was added in a concentration of 10 Ac per 107 cells. The same procedure was used for purification of "GC-labeled virus as described for 32P-labeled virus. Less than 1% of the radioactive label in the virus was acid-soluble and >99%o of the label sedimented with virus infectivity in sucrose gradients.
Virus infectivity. Infectivity of virus was assayed by the plaque technique in KB-cells as previously described (21 2% calf serum. When different media were tested for attachment, the efficiency was significantly lower in all media tested, including phosphate-buffered saline (PBS) with or without 10-2 M MgCl2 and with and without the addition of serum. Attachment was carried out in round-bottom tubes vigorously shaken in a water bath at 37 C with a cell density of 2.5 X 107 to 5 X 107 cells/ml. In some experiments, the cell density was varied.
Elution of labeled virus from cells. 32p_-and 14C. labeled virus was attached to cells for 10 to 20 min at 37 C, according to the procedure described above. The cells were subsequently diluted 10-fold in ice-cold MEM and centrifuged at 500 X g for 5 min; the cells were resuspended in prewarmed medium at a cell density of 107 cells/ml and at various intervals samples were removed and the supernatant fraction was assayed for radioactivity. In some experiments, the eluted radioactivity was analyzed by sucrose gradient centrifugation.
Eclipse of labeled virus. After attachment for 5 to 20 min the cells were diluted 10-fold in ice-cold MEM and centrifuged at 500 X g for 5 min. The virus-cell complexes were again resuspended in prewarmed MEM with 2% calf serum at a cell concentration of 107 cells/ml and incubated in the water bath at 37 C. At different time intervals, samples were taken for analysis of the distribution of radioactivity in the virus-cell complexes. Time-zero was assigned to the instant of reincubation of the cells in the water bath.
Analysis of distribution of radioactivity in virus-cell complexes. Each sample of I ml of 32P-labeled virus removed from the incubation mixture was centrifuged at 500 X g for 5 min, and 0.3 ml of the supernatant fluid was assayed for radioactivity. Another 0.3 ml of supernatant fluid was added to 5 ml of cold trichloroacetic acid (5%), and the mixture was filtered on membrane filters (Millipore Corp., Bedford, Mass.), which subsequently were assayed for radioactivity. The cell pellet was suspended in 2 ml of 0.01 M sodium phosphate buffer (pH 7.0) with 0.01 M MgCl2 and sonically treated for 15 sec; two 0.9-ml samples were removed for determination of cell-associated acidsoluble and acid-insoluble material and for material brought into solution by deoxyribonuclease (Worthington Biochemical Corp., Freehold, N.J.; crystalline, ribonuclease-free). Deoxyribonuclease treatment was carried out with 100 ,g/ml for 30 min at 37 C. Trichloroacetic acid was added in a final concentration of 8.5c,,, and all samples precipitated with trichloroacetic acid were stored at 4 C for 18 hr before counting the supernatant fluid and the sediment (the latter taken up in 0.1 M NaOH). This procedure for deoxyribonuclease treatment rendered more than 90% of purified 32P-labeled adenovirus deoxyribonucleic acid (DNA) acid-soluble. The procedure is essentially the same as that described by Joklik (15) .
Samples of 1 ml of '4C-threonine-labeled virus were removed from the incubation mixture, and the total and acid-insoluble radioactivity were determined on the supernatant fluid as described above. Furthermore, the supernatant fluid was plated after centrifugation at 45,000 X g for 45 min, which sediments intact virus particles. The 15 ,000 counts/min was mixed with a total of 2.5 X 107 KB cells (multiplicity -2) both at 0 and at 37 C, as described in Materials and Methods. At various intervals, samples were removed, and the supernatant fluid was assayed for radioactivity and infectivity. Figure 1 shows that attachment of adenovirus is relatively slow at 0 C, with an adsorbtion rate constant of 1.8 x 10-3 per ml per min. At 37 C, 85 % of the radioactivity is attached in 50 min, with an adsorption rate constant of 1.2 X 10-2 per ml per min. The radioactivity and the infectivity are adsorbed at almost identical rates at 37 C. Because of the inaccuracy of the plaque technique, no comparison could be made at 0 C, but no significant reduction in Effect of multiplicity upon attachment of 32p_ labeled virus. The effect of virus multiplicity upon attachment was tested by two different procedures.
(i) The cell density was varied in five different concentrations from 2 X 108 to 1 X 107 cells/ml, and the dose of 32P-labeled virus was constant.
(ii) The dose of 32P-labeled virus was varied in five different concentrations, with multiplicities ranging from 3 to 0.15, with the same cell concentration of 5 X 107 cells/ml. At different time intervals after incubation at 37 C, samples wer4 analyzed for radioactivity in the supernatant fraction. The details of the experimental technique are described in Materials and Methods. Figure 2A shows that when the cell concentration is varied the attachment rate is strongly dependent on multiplicity, but when the virus dose is varied attachment rate is the same irrespective of multiplicity (Fig. 2B) . The cell concentration appears to be the major parameter in determining the efficiency of attachment, with higher rates of attachment at higher cell concentrations. The "percentage law" (1) formulated for virus-antibody reactions thus appears to apply also to viruscell receptor interaction, and consequently the receptors are probably in great excess at the multiplicities used.
Attachment of "4C-labeled virus. Since the cell concentration determined the rate of adenovirus attachment and the rate was uninfluenced by virus multiplicity from 0.15 to 3, the kinetics of attachment of 4C-and 32P-labeled virus could be performed in separate experiments. 14C-and 32p_ 10 20 labeled virus was mixed together with KB cells at a cell density of 5 x 107 and a multiplicity of 1, and the mixtures were incubated at 37 C. At various time intervals, samples were removed and the supernatant fluid was assayed for radioactivity. Figure 3 shows that 32p_ and "4C-labeled virus attach at the same rate, although the steady state may be reached somewhat earlier with the 14C label, with 89 and 80% of the 32p and "4G-label, respectively, attached at 60 min.
Elution of 32P-and l4C-labeled virus. In spite of the fact that 32p_ and '4C-labeled virus attached to the cells at the same rate, it was judged necessary to study the elution of the two isotopes from the cells subsequent to attachment. The procedure is outlined in Materials and Methods, and cells at a density of 5 X 107/ml and 32p_ and 14C-labeled virus at a multiplicity of 1 were used. After attachment for 15 min, the elution was followed at various times for 60 min. Figure 3 shows that less than 1% of the 32P label is eluted from the cell within the period studied, but the 14C label elutes to a slightly higher rate, and 6% of the label was recovered in the supernatant fluid at 60 min. The fraction eluted varied between 5 and 8% in different experiments. All labeled hexon antigen, intact 'IC-labeled virus, and eluted 'IC label were examined in sucrose gradients as described in Materials and Methods and the radioactivity was continously recorded. Figure 4 shows that the 'IC label eluted from the infected cells resides in structures sedimenting at a slower rate than that of intact virus and at the same rate as purified hexon antigen. Hexon antigenicity could also be demonstrated at the peak of the 14C activity.
Eclipse of adenovirus. The eclipse of the virion was assayed by following the fate of 32P-labeled virus after an attachment period of 10 min, as described in Materials and Methods. A cell density of 5 X 107 cells/ml and a multiplicity of 1 was used. The counts in the different fractions in a typical experiment are shown in Table 2 , and from these data the percentage of DNA susceptible to deoxyribonuclease at different times can be calculated, provided that the 32P-label is confined to the DNA of the virus. The results of Green and Pifia (9) supply the basis for this assumption. As shown in Table 2 terial was determined. Figure 7 shows that irrespective of the time for pretreatment actinomycin does not affect the transfer of virus into deoxyribonuclease-sensitive material. The presence of puromycin appeared to slightly increase the capacity of the cells to eclipse virus, especially if it was present for periods of 2 to 4 hr prior to virus attachment. No difference between HeLa and KB cells could be discerned with regard to the effect of puromycin.
Characterization of the cell-associated 32p_ and "4C-labeled virus. The attached virus thus appears to be rapidly eclipsed into a deoxyribonucleasesensitive form, and this process does not appear to require RNA or protein synthesis. Since a core structure of adenoviruses has been observed by electron microscopy (6, 14), it was judged impor- Methods, and the fractions were monitored by radioactivity and immunodiffusion. Pure 1C-labeled hexon antigen prepared as described elsewhere (21), extracted32P-labeled DNA (10) , and intact '4C-labeled virus were used as standards to measure the sedimentation rate of the products in sucrose gradients. The standard preparations were added to sonically treated normal KB cells at the same cell density as in the experimental samples. Figure 8 shows that the major peak of 32P-activity recovered from cell-associated adenovirus preparations is confined to a material sedimenting midway between viral DNA and virus infectivity. Only about 10% of the 32P activity sediments at the same rate as viral DNA, but very little as intact virions. The 32P activity of the intermediate peak is susceptible to deoxyribonuclease.
When cell-associated 14C label was analyzed, it was first demonstrated that radioactivity was qJ1.
. tant to attempt to characterize the cell-associated product of adenovirus. The cell-associated "2P label was first examined. 32P-labeled virus was attached at a multiplicity of 1 and a cell density of 5 X 107 cells for 15 min at 37 C, and, after an eclipse period of 60 min at 37 C, the cells were washed twice, resuspended in 0.5 ml, and sonically treated for 15 sec. This material was fractionated by sucrose gradient centrifugation as described in Materials and VOL. 1, 1967 acid-insoluble after eclipse periods of 30 min to 4 hr. On the other hand, the 'IC label rapidly converted to a structure not sedimenting at 45,000 x g for 45 min. Intact virions are, however, sedimented at this speed. The rate of appearance of this lighter structure was similar to the rate of appearance ofa deoxyribonuclease-sensitive material, previously shown in Fig. 5 . When the cell-associated '4C-labeled activity was analyzed in sucrose gradients, about 45% of the activity was recovered in a structure sedimenting midway between viral DNA and intact virions, and at the same rate as the major peak of cell-associated 39P activity, as shown in Fig. 7 activity was also recovered in this fraction.
DISCUSSION
The following model of adenovirus attachment and eclipse has been adopted from the presented results.
Adenovirus particles are rapidly attached to cells (80 to 90% in 60 min), and partof the protein coat appears to be released at, or in close vicinity of, the cell surface, exposing a nucleoprotein structure inside the cell, the nucleic acid of which is sensitive to deoxyribonuclease (65 to 85% efficiency). The further breakdown of this structure into DNA and protein cannot be detected biochemically at 4 hr after infection. The presence of 14C label in the size range of the hexon antigen in the cell medium and the washed pellets, as well as the intermediate sedimentation rate between virus and free DNA, for the major part of the cell-associated 32p label and half of the 14C label, support this theory. Possibly such a structure could correspond to the adenovirus core, observed in the electron microscope (6, 14) , but additional evidence concerning the nature and final fate of this structure is required. Alternatively, the intermediate structure may be released DNA with attached hexon antigen, since this protein has a high DNA affinity (unpublished data).
Considering the data furnishing the basis for this model, it was first shown that adenovirus type 2 infectivity rapidly attached to KB cells and that purified radioactive virus attached at the same rate as infectivity, in spite of the fact that the efficiency of the plaque assay has been estimated to be 3 % of the number of particles (11) . The ineffective particles thus appear to attach and uncoat to the same extent as those initiating infection, and the high ratio of particles to PFU may be due to inefficiency at subsequent steps of the multiplication cycle. This is in agreement with the findings in the vaccinia virus system (15, 16) , but in contrast to the poliovirus system (18). In the latter system, however, the ratio of PFU to particles is as low as 0.003. It is of interest that the attachment of adenovirus particles to cells at low multiplicities appears to follow some of the characteristics established for virus-antibody union. Thus, the attachment rate is primarily dependent on cell concentration, and the "percentage law" (1) appears to apply when the same cell concentration is used but the virus dose is varied (Fig. 2) . Fazekas de St. Groth (7) made the same prediction for virus-erythrocyte complexes.
The initial phase in adenovirus eclipse, the exposure of viral DNA to deoxyribonuclease, is a rapid process with regard to the long eclipse phase in the adenovirus system. A preliminary note by Lawrence and Ginsberg (Federation Proc. 24:379, 1965) described similar observations. In contrast to the vaccinia virus system (15, 16) , cellular protein and nucleic acid synthesis do not appear to be required in this process; on the contrary, inhibition of protein synthesis increases slightly, but significantly, the appearance of the deoxyribonuclease-susceptible material (Fig. 7) .
The core structure in adenoviruses proposed from electron microscopic studies (6, 14) may possibly correspond to the cell-associated structure containing both 14C and 32p label (Fig. 8) . The prolonged eclipse phase of adenovirus may in that case be due to the uncoating of this material if additional uncoating is necessary for transcription or translation from the viral genome. Recent findings in the vaccinia virus system (19, 25) indicate that a coated genome can be transcribed.
No enhancement of eclipse could be observed at higher multiplicities; on the contrary, eclipse was relatively less efficient at higher multiplicities and at higher cell concentrations. With vaccinia virus (15, 16) , DNA uncoating was in contrast more rapid at higher multiplicities, which, however, may be influenced by the apparent induction mechanism involved in uncoating in that system.
The implications of the furnished results for the mechanism of virus penetration and eclipse merit a comment. Generally, animal viruses are proposed to enter the cell by pinocytosis followed by disintegration within pinocytotic vesicles (4, 17) . The present results are, however, not entirely compatible with the electron microscopic data on adenovirus penetration and eclipse (3). Thus, the rapid disintegration of 65 to 85% of the virions observed in this study is in contrast to the slow penetration and accumulation of intact particles within the cell, observed by electron microscopy. Differences in methods of purification of the virions may possibly explain the discrepancy.
The pinocytosis concept for virus penetration should, furthermore, be considered in the light of Cohn's studies on the effect of antimetabolites upon pinocytosis of macrophages (2), where actinomycin and puromycin in concentrations of 0.01 and 0.1 ,ug/ml, respectively, inhibit pinocytosis to around 107% of the control activity. In the present study, actinomycin and puromycin at 5 and 50 ,ug/ml, respectively, failed to inhibit adenovirus disintegration. In addition, studies on picornavirus eclipse have furnished evidence that the virion is modified or even uncoated in the presence of cell membrane preparations (13, 22) . Further studies on the uncoating of poliovirus by intact cells was hampered by the elution of virus from the cells (18) , probably complexed with receptor structures (23) , and by the rapid breakdown of the parental genome into acid-soluble form (18) . Thus, it is still possible that animal viruses with cubic symmetry will not be engulfed by the viropexis mechanism, in contrast to the lipid-containing viruses.
